Abstract
clathrin-coated pits and, through GTP hydrolysis, catalyzes scission and release of 23 clathrin-coated vesicles from the plasma membrane. Several small molecule inhibitors 24 of dynamin's GTPase activity, such as Dynasore and Dyngo-4a, are currently available, 25 although their specificity has been brought into question. Previous screens for these 26 inhibitors measured dynamin's stimulated GTPase activity due to lack of sufficient 27 sensitivity, hence the mechanisms by which they inhibit dynamin are uncertain. We 28 report a highly sensitive fluorescence-based assay capable of detecting dynamin's 29 basal GTPase activity under conditions compatible with high throughput screening. 30
Utilizing this optimized assay, we conducted a pilot screen of 8000 compounds and 31 identified several "hits" that inhibit the basal GTPase activity of dynamin-1. Subsequent 32 dose-response curves were used to validate the activity of these compounds. 33
Introduction

38
Dynamin is a large multidomain GTPase known for its role in catalyzing 39 membrane fission in clathrin-mediated endocytosis (CME) [1] [2] [3] . It consists of five 40 functional domains: the N-terminal GTPase domain (G domain); the middle domain and 41 the GTPase effector domains (GEDs), which together form the stalk of dynamin; a 42 pleckstrin homology (PH) domain; and the C-terminal proline-and arginine-rich domain 43 (PRD), which interacts with many SH3 domain-containing proteins [4] . Dynamin 44 assembles at the necks of invaginated clathrin-coated pits and catalyzes scission and 45 release of clathrin-coated vesicles from the plasma membrane. Dynamin is recruited to 46 nascent coated pits in its unassembled state and also plays a regulatory role during the 47 early stages of CME [5] [6] [7] . 48
Most GTPase family members that function as regulatory proteins do so by 49 switching between GTP-bound 'active' conformations and GDP-bound 'inactive' states. 50
Their intrinsic GTP hydrolysis rates are slow, and rate-limited by the exchange of tightly-51 bound GDP for GTP. These two steps in the GTP hydrolytic cycle are regulated by 52
GTPase activating proteins (GAPs) and GTP exchange factors (GEFs), respectively. In 53 this regard, dynamin is an atypical GTPase as it has a low affinity for GTP (2-5 µM), a 54 high rate of GDP dissociation (~ 60-90 s -1 ), and a comparatively robust and measurable 55 basal rate of GTP hydrolysis (~ 1 min -1 at 37°C) [8] . However, upon self-assembly, 56 interactions between G domains can stimulate GTPase activity in trans [9] . In vivo, 57 dynamin self-assembles into short helical structures that surround the necks of deeply 58 invaginated coated pits. In vitro, dynamin assembles into long helical arrays around lipid 59 nanotubes whereby its GTPase activity is stimulated > 100-fold [10]. Dynamin's GTPase4 activity can also be stimulated, albeit to a lesser extent, through interactions with 61 divalent SH3 domain containing partners such as Grb2 [11, 12] or under low salt 62 conditions that favor dynamin self-assembly [13] . 63
Given its importance for clathrin-mediated endocytosis, coupled to the fact that it 64 is one of the few enzymes known to be required for CME, small molecule inhibitors of 65 dynamin's GTPase activity have been sought as potentially powerful tools for studying 66 CME. Here we report the optimization of a new, highly sensitive, and robust HTS-89 compatible assay to detect the basal GTPase activity of dynamin and its validation in a 90 preliminary screen of 8000 compounds. 91
92
Materials and methods
93
Dynamin expression, purification, and preparation 
Data analysis
142
The primary screen data were analyzed using Genedata Screener ® software. 143
The Z' factors for the mock screen and the 8000-compound pilot screen were calculated 144 using the equation below: 145
where σpositive control is the standard deviation of the positive controls for inhibition, and 147 σsample or negative control is the standard deviation of the samples or negative controls for 148 inhibition, respectively. µpositive control is the mean of the positive control for inhibition, and 149 µsample or negative control is the mean of the samples or neutral DMSO controls, respectively. 150
The samples were normalized by a two-point correction method using the 151 equation below: 152
where mediantotal samples is defined as the median of all library compound-containing 154 reaction wells within the plate. 155
The two-point normalized activity values were adjusted using a correction factor 156 to account for systematic errors within and across assay plates [21] . The correction 157 factor of a well in a given plate is calculated using pattern detection algorithms that are 158
proprietary to the Screener ® software (Genedata, Inc.). The corrected activity values 159 were then used to determine the robust Z (RZ) score with the following equation: 160
where robust STD is the standard deviation calculated using the median of the DMSO 162
controls (negative control for inhibition). 163
For the confirmation screen and dose response curves, the data were analyzed 164 by normalizing the sample GDP released to the control GDP released using the 165 Bellbrook labs has developed an assay that detects GDP using a competitive FP 186 immunoassay. GDP released upon hydrolysis of GTP by GTPases displaces a 187 fluorescent tracer from the antibody, resulting in a decrease in polarization due to 188 increased rotational mobility. The antibody has 140-fold specificity for GDP versus GTP, 189 which allows sensitive measurement of GDP in the presence of excess GTP. 190 Given that the antibody used has a finite selectivity for GDP over GTP, it was necessaryto determine the optimal concentration of the Alexa-GDP antibody conjugate needed for 192 maximum mP measured in the presence of 10, 100 and 500 µM GTP, our initial(20 mM HEPES, 150 mM KCl, 1 mM EDTA, 1 mM EGTA and 1 mM DTT, pH 7.4). The 196 data were fitted to a variable slope sigmoidal dose-response curve using GraphPad 197 Prism (Fig 1A) . From the titration curves, we determined the optimal GDP antibody 198 concentrations to be 8.6, 81.5 and 405.5 µg/mL for 10, 100 and 500 µM GTP, 199 respectively (highlighted data points in Fig 1A) . These concentrations were chosen near 200 signal saturation and represent a good compromise between sensitivity and maximal 201 polarization value. 202
To convert mP to μM GDP released, we generated a standard curve by titrating 203 increasing concentrations of GDP in the presence of GTP to mimic reaction conditions. 204
The assay accurately measures GTP hydrolysis in the range of 0.05% to 10% of the 205 substrate converted (Fig 1B) . 206
To determine the optimal conditions for high throughput screening, we measured 207 mP for increasing concentrations of Dyn1 (0.3 nM to 5000 nM) at three different 208 concentrations of GTP (10, 100, and 500 μM) (Fig 2A) . These titrations established that 209 50 nM Dyn1, assayed in the presence of 10 μM GTP for 60 minutes, resulted in 210 excellent signal-to-noise with high reproducibility. We further confirmed that, under 211 these conditions, the basal rate of GTP hydrolysis by Dyn1 (~ 0.04 min -1 at 10 µM GTP) 212 was linear for 60 min (Fig. 2B) . These results are consistent with assays performed at 213 room temperature and under low substrate concentrations. We chose 60 minutes to 214 ensure that substrate consumption remained below 10%. Importantly, no signal was 215 these conditions, GTPase activity is directly proportional to the concentration of Dyn1. 218
Thus, there is no evidence of cooperativity and the assay measures the basal rate of 219 GTP hydrolysis of unassembled Dyn1 (Fig 2D) . 220
221
Pilot screen, hit selection and validation 222 We measured the robustness of the assay under our optimized HTS conditions 223 to determine whether 'hits' could be identified with high confidence. mP values obtained 224 from 15 µL reactions after a 60-minute incubation with 50 nM Dyn1 and 0.3 µL of 100% 225 DMSO in the presence of 10 µM GTP were compared to those lacking Dyn1 (Fig 3A) . 226
The average Z' factor for the mock screen, which was calculated to be 0.56, indicated 227 that the assay was sufficiently robust for screening purposes. 228 A pilot screen using an 8000-compound diversity subset of the chemical library at 229 UT Southwestern was conducted using the optimized Transcreener GDP FP assay. The 230 compounds were tested for their inhibitory effects on the Dyn1 GTPase activity at a 231 concentration of 10 μM. 232
Intrinsically fluorescent compounds, which alter total fluorescence intensity per 233 well, were eliminated, as they would impact analysis. After careful analysis of the data, 234
we identified 42 compounds with a robust Z score greater than 3 as primary hits (Fig  235   3B) . 236 from 1 nM to 100 μM (Fig 4A) . The IC50 values of these compounds ranged from < 1 µM 241 to > 50 µM. We focused on compound 24 which had an IC50 of 0.58 µM. dynamin's stimulated, assembly-dependent GTPase activity [14, 15] . Therefore, to more 252
closely parallel previous studies we tested both commercial inhibitors in comparison to 253 compound 24 for their effects on dynamin's stimulated GTPase activity. Assays were 254 performed in the presence of PI(4,5)P2-containing lipid nanotubes (NT), whose diameter 255 (~ 20 nm) resembles the neck of an invaginated coated pit [10], using the malachite 256 green assay. Under these conditions (100 nM Dyn1, 300 µM lipid nanotubes, 25 µM 257 GTP), both Dynasore and Dyngo-4a inhibited the NT-stimulated GTPase activity of 258 which exhibited an IC50 of 6.4 µM in this assay (Fig 4C) . 260
261
Discussion
262
We have optimized a robust, high-throughput assay to measure the basal 263
GTPase activity of unassembled Dyn1. This highly sensitive assay detects the release 264 of low, nanomolar amounts of GDP and hence, accurately measures the intrinsic, basal 265 rate of GTP hydrolysis, even at the low concentrations of dynamin and GTP necessary 266 for HTS design and implementation. Previous high throughput screens using a less 267 sensitive colorimetric malachite green assay to detect phosphate release were 268 necessarily performed under conditions that stimulate dynamin's GTPase activity, i.e. in 269 the presence of dimeric GST-Grb2, which presumably aggregates dynamin, or with 270 sonicated PS liposomes in low salt. 271
Utilizing the Transcreener GDP FP assay, we conducted an 8000-compound 272 pilot screen and identified several compounds that inhibit the basal GTPase activity of 273 Dyn1. The commercially available dynamin inhibitors, Dynasore and Dyngo-4a, were 274 tested for their ability to inhibit dynamin's basal GTPase activity in the Transcreener 275 assay format. Although both Dynasore and Dyngo-4a could inhibit the NT-stimulated 276
GTPase activity of Dyn1, neither was able to inhibit basal GTPase activity in our hands. 277
Moreover, the reported IC50 values we measured for Dynasore and Dyngo-4a NT-278 stimulated GTPase activity performed at physiological salt concentrations using 100 nM 279 dynamin were much higher than those reported for assays performed in the presence of 280 18] and their uncertain mechanism of dynamin inhibition, a more robust and specific 283 inhibitor of dynamin would be of immense value. 284
As with any assay, fluorescence polarization has its limitations. Compounds that 285 are either auto-fluorescent, or affect the affinity of the anti-GDP antibody for the tracer 286 may be misinterpreted as potential hits [20] . The hits must therefore be validated in 287 secondary assays such as the malachite green assay and eventually for their ability to 288 inhibit dynamin-dependent, clathrin-mediated endocytosis in intact cells. 289
Having validated our assay using an 8000-compound pilot screen, we are 290 currently expanding our search for robust, specific, and cell-permeable dynamin 291 inhibitors by screening the entire UT Southwestern chemical library of 230,000 292 compounds using the optimized Transcreener GDP FP assay. 293
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